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Introduction
Room temperature ionic liquids (RTILs) are comprised of an organic cation and an inorganic anion. They have been used as novel solvent systems for organic synthesis, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] liquid-liquid extraction, [15] [16] [17] and electrochemical studies 18 and as ultralow volatility liquid matrixes for matrix-assisted laser desorption/ ionization (MALDI) mass spectrometry. 19 RTILs have many properties that make their applications in chemical systems attractive. Some are immiscible with both water and nonpolar organic solvents. They are stable to temperatures in excess of 300°C, but they have negligible vapor pressures, thus making them "green" solvents by reducing environmental levels of volatile organic carbons. Their viscosities can easily be varied by changing their cationic or anionic constituents. Their growing utility requires a detailed and fundamental understanding of their behavior.
Early treatments of solvation by ionic fluids were provided by Huppert and co-workers using molten salts 20, 21 and by Maroncelli and co-workers using nonaqueous solutions of dissolved ions. 22 More recently, solvation by RTILs has been studied by fluorescence techniques by Karmakar and Samanta [23] [24] [25] and by Maroncelli and co-workers. [26] [27] [28] [29] [30] [31] Karmakar and Samanta have argued that the solvation dynamics is biphasic, with a short component corresponding to diffusional motion of the anion and a long component corresponding to the collective motion of the anion and the cation. Maroncelli and co-workers, however, have insisted on the nonexponential nature of the solvation dynamics and on the glassiness of the RTILs. Several groups [32] [33] [34] [35] [36] [37] have used the optical Kerr effect to study ionic liquids. Finally, Weingärtner and co-workers 38, 39 and Richert and co-workers 40 have investigated the dielectric relaxation of ionic liquids.
Previously, we suggested that the organic cation determined the early-time solvation behavior of these materials. 41 This conclusion was based on a comparison of the behavior of an ionic liquid based on an imidazolium cation and the uncharged organic counterpart, butylimidazole. Castner and co-workers 37 have subsequently performed similar studies comparing an ionic liquid with its isoelectronic neutral binary counterpart using femtosecond optical Kerr effect spectroscopy.
Here, we present steady-state and time-resolved Stokes shift data for the probe coumarin 153 in two imidazoles, six imidazolium-based ionic liquids, and several other solvents ( Figure 1 and Table 1 ). These results are consistent with our original suggestion, and they show that for the imidazole-based liquids initial solvation is in all cases very rapid.
Since there is always some finite time resolution associated with the measurement of a dynamic Stokes shift, it is important to know how much of the Stokes shift has been missed in the measurement, or, alternatively, what fraction of the total solvation has been completed at a given time. Fee and Maroncelli 42 have discussed this question at length and have indicated a method of estimating a "zero-time" emission spectrum, which reflects a vibrationally equilibrated emissive state that has not yet experienced any Stokes shift resulting from solvent motion. We propose a method for estimating the intramolecular contribution to the reorganization energy, which is an alternative but equivalent means of obtaining the same information.
Materials and Methods
Ionic Liquids. All of the ionic liquids are prepared via their chloride salts. 1-Methylimidazolium chloride, 1-butylimidazolium chloride, and 1,2-dimethylimidazolium chloride were synthesized by adding a 1:1 molar ratio of hydrochloric acid dropwise to a round-bottom flask containing 1-methylimidazole, 1-butylimidazole, or 1,2-dimethylimidazole in ∼100 mL of 2-propanol. After stirring for 2 h at room temperature, the solvent was removed using rotary evaporation. The bis-[(trifluoromethyl)-sulfonyl]imide (NTf 2 -) ionic liquids were synthesized by dissolving the chloride ionic liquids in 100-150 mL of water. One molar equivalent of lithium trifluromethanesulfonimide was dissolved in 50 mL of water and added to the chloride salt. After stirring for 2 h, the lower ionic liquid layer was washed with at least three 30 mL portions of water. A silver nitrate test was used to verify the removal of any excess chloride salt. The resulting ionic liquids were dried overnight in a vacuum desiccator under P 2 O 5 . Triethylammo-* To whom correspondence should be addressed. nium chloride was purchased from Alfa Aesar. Triethylammonium NTf 2 -was made using the same anion exchange as described above. The role of water on the physical properties of ionic liquids is well-known, and an excellent study is provided by Bright and co-workers. 43 This work indicates that the solvation probe, PRODAN, is highly sensitive to water content. On the other hand, Ito et al. 28 Steady-State Measurements. Steady-state excitation and emission spectra were recorded with a SPEX Fluoromax instrument with a 4 nm band-pass and were corrected for detector response. A 1 cm path length quartz cuvette was used for the measurements. During spectroscopic measurements, the quartz cuvettes were kept tightly sealed to prevent moisture from being absorbed by the ionic liquids. The steady-state spectra can be used to compute the reorganization energy, λ, by means of 44 The σ a,f are the absorption (or excitation) and emission spectral line shapes, respectively. The reorganization energy is widely Figure 1 . Unless indicated, the parameters reported are for 20°C.
computed using 70% of the emission and excitation spectra in order to exclude the contributions from absorption to states higher than S1 in energy. c Computed from eq 1. d There are instances where the fractional solvation does not track the viscosity as expected. We attribute this to our definition of "100 ps", as indicated in the Materials and Methods section. e These viscosities were kindly measured for us by personnel in Professor E. W. Castner Jr.'s laboratory before we had acquired our own viscometer.
] is included for completeness. We hoped to compare it with the chloride salt, which proved impossible, since the latter melts at 261°C. 
used as a measure of the strength of interactions between a chromophore and its surrounding dielectric media in solvation dynamics studies. It is usually taken as half of the Stokes shift. This estimate is accurate if the excitation and emission spectra are Gaussian, but it becomes unreliable if they are not. Time-Resolved Measurements. The laser source for the time-correlated single-photon counting measurements was a homemade mode-locked Ti-sapphire laser, tunable from 780 to 900 nm with a repetition rate of 82 MHz. The fundamental from the Ti-sapphire oscillator was modulated by a Pockels cell (model 350-160, Conoptics Inc) to reduce the repetition rate to about 8.8 MHz and was subsequently frequency doubled by focusing tightly into a 0.4 mm BBO crystal. The resulting blue light, which had a central wavelength of 425 nm, provided the excitation source. The fluorescence decays were collected at the magic angle (polarization of 54.7°with respect to the vertical). Emission was collected through a single monochromator (ISA H10) fitted with a slit having an 8 nm band-pass. A half-wave plate before a vertical polarizer ensured the polarization of the excitation light. The instrument response function of the apparatus had a full width at half-maximum (fwhm) of e100 ps. A 1 cm path length quartz cuvette was used for all of the time-resolved measurements. To construct the time-resolved spectra, a series of decays (∼3000 counts in the peak channel) were collected over as much of the fluorescence spectrum as possible, typically from 470 to 610 nm at 10 nm intervals. They were fit to a maximum of three exponentials. Transient spectra were reconstructed from these fits by normalizing to the steady-state spectra:
is the wavelength-resolved fluorescence decay, and S 0 -(λ) is the steady-state emission intensity at a given wavelength. We have employed the traditional approach of fitting the timeresolved spectra to a log-normal function, from which we extract the peak frequency, ν(t), as a function of time.
The solvation dynamics were described by the normalized correlation function: ν("t)0") is the frequency at zero time, calculated using the method described by Fee and Maroncelli. 42 ν(∞) is the frequency at "infinite time", the maximum of the steady-state fluorescence spectrum. ν(t) is determined by taking the maximum from the log-normal fits as the emission maximum. In most of the cases, however, the spectra are broad, so there is some uncertainty in the exact position of the emission maxima. Thus, we have considered the range of the raw data points in the neighborhood of the peak to estimate an error for the maximum obtained from the log-normal fit. Depending on the width of the spectrum (i.e., zero-time, steady-state, or time-resolved emission spectrum), we have determined the typical uncertainties as follows: zerotime ∼ steady-state (∼ (100 cm -1 ) < time-resolved emission (∼ (200 cm -1 ). We use these uncertainties to compute error bars for the computed C(t). Some representative error bars are given in Figure 2 . Some representative steady-state, zero-time, and 100 ps spectra are presented in Figure 3 .
Finally, in generating C(t), the first point was obtained from the zero-time spectrum. The second point was taken at the maximum of the instrument response function, which, having a full width at half-maximum of e100 ps, was taken to be ∼100 ps. Fractional solvation at 100 ps was calculated using f(t)100 ps) ) 1 -C(t)100 ps).
Results and Discussion
Solvation by Imidazoles and Imidazoliums. Figure 2 presents the experimentally obtained solvation relaxation correlation functions for two imidazoles and several imidazoliumbased ionic liquids. There is a very rapid early phase of solvation in all of these solvents, which is consistent with our previous suggestion that the organic cation, at least for imidazoliumbased ionic liquids, dominates the early-time solvation behavior 41 (Table 1) . Furthermore, it is reasonable to assume that symmetrical nonpolar inorganic anions such as Cl -, BF 4 -, and PF 6 -play a negligible role in the solvation of the coumarin probe. We are cautious, however, to extend this conclusion to the NTf 2 -anion, which is polar, polarizable, large, and flexible. 35 The data presented in Figure 2 and Table 1 are not sufficient to draw a conclusion concerning the role of this anion. Table 1 also indicates that the solvation dynamics correlate well with viscosity, and Figure 4 compares the average solvation time against the solvent viscosity on a logarithmic scale. 
S(λ,t) ) D(λ,t) S
Maroncelli and co-workers have used such a linear correlation to argue for translational ionic motion. 30 While it is reasonable that there is indeed such translational motion in ionic liquids, we do not find the linearity of a log-log plot as compelling evidence for the role of such motion in the solvation process. Phosphine and Phosphonium. Maroncelli and co-workers 29 have studied the solvation of several nonpolarizable, long-chain ionic liquids, in particular [N(n-C 4 H 9 ) 3 6 -] and butylimidazole, we undertook a study of tributylphosphine (TBP) in order to compare its behavior with that of P(C 6 ) 3 C 14 + ( Figure 1 ). We anticipated that the nonpolarizable butyl side chains of TBP would give rise to slow solvation dynamics. Notwithstanding its small viscosity, 2.2 cP, the fractional solvation at 100 ps of 1.0 and the average solvation time of 0.08 ns seem surprising. The steady-state reorganization energy of TBP is, however, 2240 cm -1 as opposed to 2068 or 1870 ( 185 cm -1 , which one obtains from nonpolar solvents or from zero-time spectra of initially "unsolvated" chromophores (see below). TBP behaves more like a polar molecule than one would expect and is consequently not a good model for the organic counterpart of P(C 6 ) 3 C 14 + . Determination of the Intramolecular Contribution to the Reorganization Energy, λ. To estimate the intramolecular contribution to the reorganization energy of coumarin 153 (C153) and to establish a classical model for C153 in studies of solvation dynamics (that is, a rigid solute molecule with a charge distribution change), we performed a regression analysis of C153 in 13 solvents with various dielectric constants. 45 The initial charge distribution change was estimated from a semiempirical quantum chemistry calculation. 46, 47 The total experimental reorganization energy is estimated from the emission and excitation spectral line shapes (eq 1). The solvent contribution to the reorganization energy is calculated from the charge distribution change and the solvent static and optical dielectric constants and a realistic molecular surface and charge distribution for C153 using methods described in detail elsewhere. 44, [47] [48] [49] [50] [51] [52] [53] [54] That is, the reorganization energy, λ, is calculated as the difference between the solvation energy of C153 with the static dielectric constant of the solvent and the solvation energy of C153 with the optical dielectric constant of the solvent.
The reorganization energy, λ, is related to the solvation correlation function, C(t), and to the solvation spectral density, F sol (ω), as follows: and where and ∆E′′(ω) is the imaginary part of the solvation energy, which may be computed from the frequency-dependent dielectric susceptibility of the pure solvent, the region occupied by the solute, and the charge distribution of the solute, as noted above. 
A linear regression analysis between the calculated λ and the total experimental λ yields information on both the intramolecular reorganization energy contribution and the charge distribution of the solute used in the calculation described above ( Table 2 and Figure 5 ). The plot displayed in Figure 5 yields an intercept of 2068 cm -1 , which is the intramolecular contribution of λ. The plot should yield a slope of 1, but in fact, the slope is 0.72. Assuming that the discrepancy arises entirely from the charge distribution of the solute, we thus rescale the charge distribution change by a factor of 1.18 (i.e., 1/(0.72) 1/2 , because the solvation energy is proportional to the charges squared). This procedure consequently provides an improved charge distribution for the solute.
In principle, the intramolecular contribution to λ can be obtained by measurement of the gas phase spectra. Ernsting and co-workers have presented such measurements for coumarin 153 at 383 K. 55 Computation of λ from their gas phase data yields 2610 cm -1 , which is considerably in excess of the value we measure in nonpolar solvents, suggesting that the coumarin in the gas phase measurement may have been complexed to solvent molecules or other coumarin molecules. In our previous work, we used the above analysis to define the fractional solvation, f(t), in terms of reorganization energies. 41 Now that we have calculated the zero-time values and incorporated them into the solvation correlation function, the fractional solvation may be computed at any time. Values of f(t)100 ps) are given in Table  1 . Finally, if the above estimate of intramolecular reorganization energy is reasonable, we can use the dielectric constant of ionic liquids measured by Weingärtner and co-workers 39 to estimate the reorganization energy of ionic liquids. For example, 1-butyl-3-methylimidazolium tetrafluoroborate has a static dielectric constant of 11.7; our theoretical estimation of the reorganization energy yields 2879 cm -1 . The experimental measurements give 2717 cm -1 ; therefore, the C153 model we use appears to be appropriate for studies of solvation dynamics.
Finally, we comment on the difference in the intramolecular contribution to λ obtained from our method and that obtained from the zero-time spectra using the method of Fee and Maroncelli. 42 Namely, our method yields 2068 cm -1 ; the zerotime method yields a range of values from 1483 to 2114 cm -1 corresponding to an average of 1870 ( 185 cm -1 . There are two major differences in the approaches. The crucial elements of the construction of the zero-time spectrum are the fluorescence and the absorption spectra of the probe in a nonpolar solvent. A Gaussian distribution of frequency shifts is convoluted with the spectra obtained in nonpolar solvents in order to produce the spectra in polar solvents. Since this convolution does not in all cases produce a perfect reproduction of the spectrum in polar solvents, the computed λ value will also be affected. Another physical reason for this difference may be that it is possible that the reference nonpolar fluorescence spectrum does not originate from a completely relaxed S 1 state: the separation of intramolecular and intermolecular solvation is a fundamental assumption of the zero-time method. On the other hand, the method we employ uses a model for the probe that cannot solvate itself; that is, the model has no intramolecular degrees of freedom. Consequently, all solvation that is calculated is only from the solvent contribution.
Conclusions
The picture we originally put forward for solvation by ionic liquids was that the organic cation determined the early-time solvation behavior of these materials. 41 This conclusion was based on a comparison of the behavior of an ionic liquid based on an imidazolium cation and the uncharged organic counterpart, butylimidazole. In other words, because the organic cation carries most of the permanent dipole moment, is more polarizable, and is nearer to the solute, it seems reasonable that it contributes the most to early-time solvation events. The additional solvation data for the imidazoles and the imidazolium ionic liquids presented here are consistent with this idea. Solvation by methylimidazole and butylimidazole is complete in 100 ps, and all of the imidazolium ionic liquids demonstrate similarly rapid initial solvation. Also consistent with this idea is that Maroncelli and co-workers 29 . We still do not completely understand, however, the rapid solvation afforded by the uncharged neutral, TBP. It is most likely at least partially attributable to its low viscosity and to the fact that it is expected to be more polar than its ionic liquid counterpart. P(C 6 ) 3 C 14 + can be thought of as having its positive charge spherically distributed about it, while TBP, having only three alkyl groups, assumes a pyramidal configuration and can be thought of as being a polar molecule.
Several theoretical investigations have been undertaken of ionic liquids. [56] [57] [58] [59] In a recent computer simulation, Shim et al. 57 place a dipolar excitation on a model diatomic solute in a RTIL. They observe a fast initial relaxation and suggest that it arises from translations of the anions. Given the small size of the model solute and the large changes in net charge, the motions of the resulting concentrated anionic charges may dominate the relaxation. In the experimental solvation dynamics studies of organic dye molecules such as coumarin 153 (C153) in RTILs, the charge distribution change is smeared across the whole probe 58 They obtained radial distribution functions indicating the proximity of the 1-butyl-3-methylimidazolium ring to the dye, which is consistent with our experimental observations for coumarin 153. The solvation relaxation is argued to arise from the translation and diffusional motion of ions.
Simulations by Kobrak and Znamenskiy 59 have also indicated collective cation-anion motion on subpicosecond time scales, which again argues against a purely anionic subpicosecond solvation response. The existence of collective motion is not inconsistent with our suggestion of the role of the organic cation. Indeed, the motions of cations and anions must be correlated in order to ensure local electrical neutrality, a constraint imposed by the strong Coulombic interaction between ions. This is well documented by experimental measurements of radial distribution functions and by computer simulations. 60 Finally, we have discussed a means of computing the reorganization energy due to intramolecular vibrations. The value obtained, 2068 cm -1 , is commensurate with that obtained from computing the reorganization energy from the zero-time spectra, 1870 ( 185 cm -1 , which speaks to the appropriateness of our method as well as to the robustness of the zero-time method.
